We report an electron momentum spectroscopy study of vibrational effects on the electron momentum distributions of the outer valence orbitals of adamantane (C 10 H 16 ). The symmetric noncoplanar (e, 2e) experiment has been carried out at an incident electron energy of 1.2 keV. Furthermore, theoretical calculations of the electron momentum distributions with vibrational effects being involved have been performed using the harmonic analytical quantum mechanical and Born-Oppenheimer molecular dynamics approaches. In spite of the complex nature of the vibrational structure of this large molecule, both approaches provide overall quantitative insights into the results of the experiment. Comparisons between experiment and theory have shown that ground state nuclear dynamics appreciably affects the momentum profiles of the 7t 2 , {2t 1 +3e}, and {5t 2 +5a 1 } orbitals. It has been demonstrated that changes in the momentum profiles are mainly due to the vibrational motions associated with the CH bonds.
I. INTRODUCTION

Diamondoids,
1,2 hydrocarbons with diamond cage structures, exhibit both diamond-like properties and nanosize effects. The unusual electronic properties of these molecules make them attractive for widespread nanotechnological applications, such as electronic and opto-electronic devices. For this reason, diamondoids have been the subjects of a number of experimental and theoretical studies. [3] [4] [5] [6] [7] [8] [9] [10] In particular, the electronic structure of the smallest diamondoid, adamantane (C 10 H 16 ), has been thoroughly investigated so far because of its fundamental importance. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Recent theoretical studies have shown that the quantum dynamics of nuclei is key to understanding the electronic and optical properties of diamondoids. [6] [7] [8] [9] [10] Ab initio calculations taking nuclear dynamics into account have revealed that the interplay between electronic and nuclear motions drastically affects the lineshapes of the absorption bands and the optical gap, 7 and also
shown that the molecular vibration play important roles in ionization processes of the molecules. 10 Electron momentum spectroscopy (EMS), [22] [23] [24] [25] [26] [27] [28] also known as binary (e, 2e) spectroscopy, may offer an opportunity to examine such influences. The basis of the EMS technique is the observation of electron impact ionization reactions under the high-energy Bethe-ridge conditions. Within the plane-wave impulse approximation (PWIA), the EMS cross section is directly related to the electron momentum density distributions or electron momentum profiles of the ionized orbital. [25] [26] [27] [28] Because of its unique ability to image individual electron orbitals in momentum space, EMS can provide a powerful means to investigate how molecular orbital patterns are affected by the vibrational motions of molecules. Indeed, recent EMS studies on various polyatomic molecules [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] have shown that electron momentum profiles may considerably be affected by molecular vibrations, and that EMS experiments in conjunction with recently developed theoretical approaches are capable of disentangling the interplay between the electronic and nuclear dynamics. 30, 31, [34] [35] [36] [37] [38] It is therefore of interest to apply the EMS technique to the study of the nuclear dynamics effects for diamondoids.
In this paper we report an EMS study on the smallest diamond cage, adamantane. An EMS measurement on adamantane was already reported by Litvinyuk et al. in 2000, 39 but no attempt so far has been made to examine vibrational effects on the electron momentum profiles of this molecule. The aim of the present study is thus to elucidate the influence of nuclear dynamics on the electron momentum density distributions. For the purpose, the present experiment has been carried out by using one of our highly sensitive EMS spectrometers. 40 Considerable improvement in the statistical accuracy of data has been achieved as compared with that of the study by Litvinyuk et al. 
II. EXPERIMENT
EMS is a high-energy electron-impact ionization experiment in which the inelastically scattered and ejected electrons are detected in coincidence. The binding energy, E bind , and the momentum of the target electron before ionization, p, can be determined using the following conservation laws of energy and momentum:
Here E j 's and p j 's (j = 0, 1, 2) denote the kinetic energies and momenta of the incident, inelastically scattered, and ejected electrons, respectively.
The EMS experiment on adamantane was conducted at E 0 = 1.2 keV in the symmetric noncoplanar geometry, where the two outgoing electrons having equal energies (E 1 = E 2 ) and equal scattering polar angles of 45° are detected in coincidence. In this kinematics, the magnitude of the target electron momentum, p = |p|, is straightforwardly related to the out-of-plane azimuthal angle 4 difference between the two outgoing electrons (∆φ = φ 2 -φ 1 -π). The EMS spectrometer used in this study has been described in detail elsewhere. 40 The experimental result was obtained by accumulating data at an ambient sample pressure of 1.6 ×10 −4 Pa for three weeks runtime. Commercially available adamantane (Wako Pure Chemical Industries Ltd., >99.0 %) was used in the experiment. During the measurement the electron gun produced an electron beam of typically 65 µA. The resulting instrumental energy-and momentumresolutions were 1.7 eV full width at half maximum (FWHM) and about 0.15 a. u. at p = 1.0 a. u., respectively.
III. THEORETICAL CALCULATIONS
Two different but complementary theoretical methods, which are the so-called HAQM and BOMD approaches, are currently used to calculate the momentum profiles with vibrational effects being involved. The HAQM approach treats nuclear motions quantum mechanically within the framework of the harmonic oscillator approximation. Owing to the approximation used, however, it does not account for non-harmonic effects, such as anharmonicities in the underlying potential energies, couplings between vibrations and rotations, and so on. Such effects can be taken into account by the BOMD approach, while it treats nuclear motions classically.
Since the theory behind the HAQM approach has been fully described elsewhere, 30, 34, 35 only a short account is given here. Under the assumption of the PWIA the EMS cross section can be written as
Here ψ f (p) denotes the momentum space representation of the normalized Dyson orbital and S f the corresponding spectroscopic factor. d f implies the degeneracy of the orbital and (4π) −1 ∫dΩ p represents the spherical averaging due to the random orientation of the molecule in gas phase.
In the HAQM approach, χ iv (Q) is described as a product of harmonic oscillator functions ξ vL (Q L )
with Q L being the normal coordinate of the L-th vibrational mode, and it is further assumed that ρ f (p,Q) changes slowly with Q in the neighborhood of Q 0 . As a result, the following computationally tractable expression is obtained:
where L q denotes a unit vector that points along the L-th normal coordinate, and with P ν (T) being the Boltzmann's statistical population of the vibrational level ν at temperature T. The first term is equivalent to the momentum profile for the molecule at the equilibrium geometry and the second term represents vibrational effects. The advantage of this method is not only in reducing the computational cost, compared to the calculation over the full Q space according to Eq. (4), but also in the ability to discuss vibrational effects by dividing those into contributions from each normal mode, as will be discussed later. set of double-zeta quality (aug-cc-pVDZ). 46, 47 The vibrational frequencies thus obtained using the Gaussian03 program 48 are presented in Table I , showing a good agreement with the available experimental results. 49, 50 Subsequently, ρ f (p,Q)'s were computed within the target Kohn-Sham approximation 51 single-point B3LYP/aug-cc-pVDZ calculations of the electronic structure, using the GAUSSIAN09 package of programs, 60 and to combine results for thermally averaging the electron momentum profiles obtained by means of the MOMAP program by Brion and coworkers. 52 In addition to these calculations, theoretical momentum distributions were calculated at the B3LYP/aug-cc-pVDZ level for the equilibrium geometry. For making comparisons with experiment, the theoretical momentum profiles were convoluted with the experimental resolution using the procedure by Migdall et al. ionization band, a deconvolution procedure was used. In the procedure a Gaussian curve was assumed for each band, whose energy-position and width were determined from the instrumental energy resolution and the Franck-Condon width estimated from the high energy resolution PES study reported by Boschi et al. 12 The deconvoluted curves are shown in Fig. 1 as dashed curves and their sum as a solid curve. A similar fitting procedure was applied to a series of binding energy 8 spectra at each ∆φ. Then experimental momentum profiles of the individual ionization bands were produced by plotting the area under the corresponding Gaussian curve against the momentum value.
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IV. RESULTS AND DISCUSSION
A. Electron Binding Energy Spectrum
For making a comparison with theory, the 4a 1 momentum profile was height normalized to the HAQM calculation at p = 0.18 a. u. The scaling factor thus obtained was subsequently applied to the individual results so that all the experimental momentum profiles share a common intensity scale.
Fig. 1.
Momentum-space integrated (e, 2e) outer-valence ionization spectrum of adamantane. The red curve is obtained by summing the Gaussian curves used to deconvolute ionization intensities.
The fitting parameters for these Gaussian curves were estimated from a previous PES study [12] .
B. Momentum Profiles
The experimental momentum profiles for the 7t 2 , {2t 1 +3e}, {1t 1 +6t 2 }, {5t 2 +5a 1 }, and 4a 1 ionization bands are shown in the molecular orbitals and found that the 2t 1 , 3e, and 1t 1 orbitals exhibit zero-gradient components in the internuclear (cage) region; they thus attributed the differences between experiment and theory to distorted-wave effects. Nevertheless, the above discussion does not fully account for the observed disagreements. In spite of considerable deviations from theory being observed also for the 7t 2 and {5t 2 +5a 1 } bands, there is no zero-gradient component in the cage region for these molecular orbitals. A full understanding of the experimental results therefore requires consideration of additional effects.
The influence of molecular vibration is a possible source of the observed differences, and indeed it gives a rational explanation of most experimental results. To illustrate this, the experimental momentum profiles are compared with the HAQM and BOMD calculations, in which vibrational effects are taken into account. The results for the 7t 2 , and {2t 1 +3e} ionization bands are shown in Fig. 3 , and those for the {1t 1 +6t 2 }, {5t 2 +5a 1 }, and 4a 1 bands in Fig. 4 . In the figures, the HAQM and BOMD momentum profiles are shown as red solid-and black dashed-lines, respectively, while the equilibrium geometry calculations are depicted by blue solid-lines. In addition, the experimental 7t 2 momentum profile multiplied by a factor of 1.35 is also shown in Fig.   3 (a) for ease of comparison in shape with theory. It is immediately clear from inspecting the figures that the HAQM and BOMD approaches consistently quantify the influence of nuclear dynamics on the momentum profiles. The good accordance of the HAQM calculation, which is based on the harmonic approximation, with the BOMD calculation strongly suggests that the influence of our earlier studies on furan 35 and dimethyl ether. It is evident from Fig. 3 that for the 7t 2 and {2t 1 +3e} orbitals, taking vibrational effects into account leads to noticeable increase of low-momentum components and as a consequence, improves the agreement with the experimental momentum profiles, though some deviations from experiment still remain. As mentioned above, the 7t 2 and {2t 1 +3e} momentum profiles are likely to suffer from uncertainties of the deconvolution procedure because of the small energy separation between the ionization bands. To remove the possible influence of the deconvolution error, the 7t 2 and {2t 1 +3e} experimental momentum profiles are plotted in the form of their sum. As can be seen from Fig. 3(c) , the HAQM and BOMD calculations are in reasonable agreement with the experimental momentum profile, whilst the equilibrium geometry calculation significantly underestimates the intensity at p < 0.7 a.u. The findings clearly show that molecular vibration does considerably affect the electron momentum profiles of the 7t 2 and {2t 1 +3e}orbitals at the low p region, though small discrepancy between experiment and theory still remains at p = 0.7-1.2 a. u.
Sizable vibrational effects are observed also for the {5t 2 +5a 1 } orbitals. It can be seen form Fig.   4 (b) that the HAQM and BOMD calculations give higher intensity at small momentum than the equilibrium geometry calculation and satisfactorily reproduce the experiment. The result indicates that the difference between experiment and equilibrium geometry calculation observed for the {5t 2 +5a 1 } band finds its origin into molecular vibrations, and that the HAQM and BOMD approaches both provide good descriptions of vibrational effects on the momentum profile.
Although the influence of molecular vibration gives a rational explanation of most experimental results, this is not the case for the {1t 1 +6t 2 } ionization band. It can be seen from Fig. 4 (a) that taking into account vibrational effects does not change the theoretical momentum profile significantly, and all theoretical calculations substantially underestimate the experiment at p < 0.5 a.
u. A plausible explanation of the disagreement is distorted-wave effects. As mentioned above, the 1t 1 orbital has zero-gradient component in the cage region and hence the influence of distortedwave effects may possibly be appreciable even at small p. In principle, the effects can be assessed by examining the incident electron energy dependence of the momentum profile; 27, 28, 63 however, it is beyond the scope of the present study. In the following we thus focus our attention only to the 7t 2 , {2t 1 +3e}, and {5t 2 +5a 1 } orbitals, for which considerable vibrational effects have been observed. 
C. Contributions from individual vibrational modes
One of the advantages of the HAQM approach is that vibrational effects on momentum profiles can be discussed in detail by dividing those into contributions from each normal mode. From such an analysis, we have found that vibrational effects for the 7t 2 , {2t 1 +3e}, and {5t 2 +5a 1 } orbitals cannot be ascribed to only a few specific normal modes; the contributions are distributed over a number of modes due to the large degrees of vibrations freedom of the adamantane molecule. This is in contrast with findings made recently for smaller molecules, such as C 2 H 4 30 and CH 2 F 2 , 34 where only a few normal modes play dominant roles. To facilitate the interpretation of results, the classification of vibrational modes proposed by Jensen 50 has then been adopted, where each of modes is assigned to one of nine types of motions: CC stretch, CH stretch, CCC bend, CCC wag, CH wag, CH 2 scissors, CH 2 twist, CH 2 wag, and CH 2 rock motions. The assignment is given in Table I . The contributions from each type of motions to the momentum profiles are displayed in Fig.   5 . Here the influences of the CH 2 scissors, twist, wag, and rock modes are presented in the form of their sum since these modes all correspond to changing the direction of CH bonds in the CH 2 groups. Similarly, the sum of contributions from the CCC bend and wag modes is presented in the figure.
As can be seen from ∫ϕ f (r; Q)dr .
.
It follows from Eq. (7) that for the molecule at the equilibrium geometry, only totally-symmetric a 1 orbitals can have non-zero intensity at p = 0. Although the 7t 2 orbital is not totally-symmetric, molecular geometry distortion along the T 2 normal coordinates allows its momentum profile to have non-zero intensity at the momentum origin, due to the fact that A similar tendency has been observed also for the {2t 1 +3e} orbitals. It can be seen from Further analysis has shown that the v 13 (T 1 ) mode gives the largest contribution to the increase of the magnitude at the momentum origin. It can be deduced from T 1 ⊗ T 1 being equal to A 1 + E + T 1 + T 2 that the appreciable intensity observed at p ~ 0 is mainly due to the distortion of the 2t 1 orbital due to the v 13 CH stretching vibration.
Also seen from Figs. 5 (a) and (b) is that at around p = 0.4 a. u., the influences of the CH 2 scissors, twist, wag, and rock modes to the 7t 2 and {2t 1 +3e} momentum profiles are comparable to those from the CH stretching modes, while the CC stretch, CCC bend, and CCC wag modes play relatively minor roles. For the {2t 1 +3e} orbitals, the CH wag mode also gives a noticeable contribution to the associated momentum profile at the low p region. 38 in their contributions to the change of momentum profiles.
We subsequently discuss the vibrational effects on the {5t 2 +5a 1 } momentum profile. It can be seen from Fig. 5(c) that the change of the momentum profile is mainly due to the CH stretching vibrations. As can be seen from the figure, the contribution of the CH stretching modes has a maximum at the momentum origin and rapidly decreases with the increase of p. The results can be understood based on the Herzberg-Teller principle. 64 Within the framework of standard first-order perturbation theory and density functional theory, the target Kohn-Sham orbital at a distorted geometry Q 0 + Q' can be obtained from the orbitals at the equilibrium geometry Q 0 , as follows: This carbocation and the JT effect on adamantane have been thoroughly investigated from a theoretical and experimental point of view 9, 10, [65] [66] [67] [68] [69] [70] [71] . The presence of this molecular species has been inferred from the strong asymmetric broadening in the ionization band of the 7t 2 orbital from both photoelectron (PES) 18, [72] [73] [74] and Penning ionization (PIES) spectroscopy 18 . Direct evidence for a Jahn-Teller distortion of the adamantane cation is given by infrared spectroscopy. 70 .
Upon keeping in mind these evidences, it is worth evaluating the extent to which momentum profiles can be affected by Jahn-Teller distortions and how these can be detected with EMS. The results of Fig. 6 show a comparison between momentum profiles calculated at the B3LYP/aug-ccpVDZ level for the equilibrium geometry and profiles computed for the C 3v molecular structure of the cation 66, 67, 70 , along with the individual components for both the 12e and 12a 1 orbitals. This comparison shows that the Jahn-Teller distortion due to ionization of the HOMO (7t 2 ) of adamantane does not have a significant influence on the momentum profile of the corresponding (12a 1 and 12e) orbitals of the cation, both in shape and intensity. Only a small decrease of intensity is observed at p < 0.5 a.u. when comparing results for the relaxed molecular structure of the cation with that for equilibrium geometry. This limited influence is due to the fact that the molecular target is large so that the structural relaxation effects induced by ionization are limited 70 , although the ionized 7t 2 orbital has a strong σ C-C bonding character.
Nevertheless this observation demonstrates the possibility to study JT effects on this molecule by means of future EMS experiments with higher resolution, analogously to previous studies of cyclopropane and NH 3 , 75,76 . Higher energy resolution will be required to measure the individual 12a 1 and 12e momentum profiles, which considerably differ from one another, considering that the 20 energy separation between the 12a 1 and 12e orbitals of the cation does not exceed 0.55 eV.
V. Conclusions
In this study, we have investigated the influence of molecular vibrations on the electron momentum distributions of the outer valence orbitals of the smallest diamondoid, adamantane. The 
